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. However, a trp null, trp 343 , had no impact on stimulated fluid transport. Measurement of cytosolic calcium concentrations ([Ca 2ϩ ] i ) in tubule principal cells using an aequorin transgene in trp and trpl mutants showed a reduction in calcium responses in trpl 302 . Western blotting of tubule preparations from trp and trpl mutants revealed a correlation between TRPL levels and CAP 2b -stimulated fluid transport and calcium signaling. Rescue of trpl 302 with a trpl transgene under heat-shock control resulted in a stimulated fluid transport phenotype that was indistinguishable from wild-type tubules. Furthermore, restoration of normal stimulated rates of fluid transport by rescue of trpl 302 was not compromised by introduction of the trp null, trp 343 . Thus, in an epithelial context, TRPL is sufficient for wild-type responses. Finally, a scaffolding component of the TRPL/TRP-signaling complex, INAD, is not expressed in tubules, suggesting that inaD is not essential for TRPL/TRP function in Drosophila tubules. C ALCIUM signaling plays a crucial role in physiolog-TRP protein, trpl (trp-like; Phillips et al. 1992 ) and ical processes (Berridge 1997) . While calcium intrp␥ (trp-gamma; Xu et al. 2000) , have since also been flux is particularly important to calcium-signaling mechidentified in Drosophila, with trpl being involved in phoanisms in excitable cells, both calcium release from totransduction. intracellular stores and calcium influx are important in Around 20 mammalian TRP proteins have been idennonexcitable, secretory cells (Shuttleworth 1997; Pettified (Clapham et al. 2001) , falling into at least three ersen et al. 1999) . Calcium entry in these cells is typically subfamilies. Those most closely related to the Drosophmediated by phospholipase C (PLC)-dependent mechaila TRPs are all believed to be activated downstream of nisms, which include the major route of store-operated PLC and may include the elusive store-operated calcium calcium influx. Consequently, the identity of plasma memchannels activated by depletion of internal calcium stores brane channels ("store-operated" channels) involved in by inositol 1,4,5 trisphosphate (InsP 3 ; Clapham et al. this process has been extensively researched. Such store-2001). operated channels have remained elusive, but potential In Drosophila photoreceptors, TRP represents a highly candidates have included the family of transient recepcalcium-selective cation channel (P Ca :P Na Ͼ 100), while tor potential (TRP) channels. The trp gene was first trpl encodes a nonselective cation channel with moderidentified in Drosophila photoreceptors (Montell et ate calcium permeability (P Ca :P Na , 4:1). The light-sensial. 1985) and subsequently found to encode a calciumtive current is completely abolished in trpl:trp double permeable channel (Hardie and Minke 1992) . Two mutants lacking both TRP and transient receptor potenother genes encoding proteins with homology to the tial-like (TRPL; Niemeyer et al. 1996; Reuss et al. 1997) .
The newly identified third member of this family, TRP␥, may form heteromultimers with TRPL (Xu et al. 2000) . These authors contributed equally to this work.
et al. 1997) and trp null trp 343 (Scott et al. 1997) . The trp 343 InsP 3 or the InsP 3 receptor for activation (Acharya et al. line was a kind gift of W. Pak, Purdue University. trpl alleles 1997; Hardie and Raghu 1998; Raghu et al. 2000a ), used were trpl 302 (Niemeyer et al. 1996) (Scott et al. 1997 1997; Adamski et al. 1998; van Huizen et al. 1998) . (Broderick et al. 2003) , as shown in Figure A1 in the appen- (Chevesich et al. 1997;  sessed by photoreceptor responses to light stimuli, as well as Li and Montell 2000) .
by tubule fluid transport assays in the presence of CAP 2b . All
As much of the focus of in vivo studies of TRP and alleles generated in the aequorin background retained the TRPL function have been in photoreceptors, the role mutant phenotypes in the eye as previously documented, as well as in tubules (results not shown).
of TRP and TRPL-like channels in nonvisual systems is Vector Labs (Burlingame, CA). All other chemicals were obtained from Sigma (St. Louis). Polyclonal rabbit anti-TRP, Kean et al. 2002) . Capa-induced calcium signaling and is also implicated in capa action: CAP 2b -elicited calcium and reverse transcribed with Superscript Plus (GIBCO BRL, and secretion responses are sensitive to reductions in Gaithersburg, MD) as described previously (Dow et al. extracellular calcium (Rosay et al. 1997) and to L-type/ 1994b function.
were expected to generate a product of 467 bp using cDNA templates.
RT-PCR for trpl : Forward primers to region 2991-3014 (5Ј-GCTACTCAACCAAATCAGTGCTGAG-3Ј) and backward prim-MATERIALS AND METHODS ers to region 3470-3490 (5Ј-TGGCAATGGAGCTAATGTCGG-3) were expected to generate a product of 500 bp using cDNA Drosophila stocks: Drosophila were maintained on a 12 hr light:12 hr dark cycle on standard cornmeal-yeast-agar metemplates.
RT-PCR for trp␥:
Forward primers to region 3213-3234 (5Ј-dium at 25Њ. Wild-type flies used were Oregon-R. trp alleles used in this study were trp hypomorph trp 301 (Pak 1979 ; Reuss AGTCGGAAACGTGAGCAAAATG-3Ј) and backward primers to region 3734-3757 (5Ј-TGGAGTTCACTGACGTATTGGATGWestern blot analysis: Western blots using anti-TRP antibody (1:500 dilution), anti-TRPL antibody (1:500 dilution), and 3Ј) were expected to generate a product of 545 bp using cDNA templates.
anti-TRP␥ antibody (1:500 dilution) were performed according to standard protocols of the BioRad Mini-Protean Cycle conditions were as follows: 94Њ (1 min), 30 cycles of 94Њ (30 sec), 57Њ (30 sec), 72Њ (2 min), and 72Њ (5 min), with annealblotting system. Protein samples were prepared from tubules from each line (described under Drosophila stocks) homogeing temperature for trp at 52Њ.
RT-PCR for inaD: Forward primers to region 1094-1115 (5Ј-nized in ice-cold SMART buffer (Xu et al. 1997) of 0.2% dodecyl-maltoside, 2.7 mm KCl, 10 mm Na 2 HPO4, 1.8 mm CGTCAAGCCCATCAAAAAGTTC-3Ј) and backward primers to region 1610-1590 (5Ј-CGTGACATGGTTGTTCTTGCC-3Ј) KH 2 PO4, 500 mm NaCl, 5 mm EDTA, 5 mm EGTA, 5 mm were expected to generate a product of 517 bp using cDNA MgCl 2 , 2 g/ml aprotinin, 10 g/ml leupeptin, 0.1 mm PMSF, templates. PCR was carried out under several different cycle 10 mm NAPPi, 50 mm NaF, and 1 mm GTP (pH 7.5) and conditions as follows: 94Њ (1 min), 30 cycles of 94Њ (30 sec), centrifuged at 12,000 ϫ g for 5 min to remove debris. Thirty 45Њ-55Њ (30 sec), 72Њ (2 min), and 72Њ (5 min) for up to 40 micrograms of protein was run on 4-15% precast gels (Biocycles.
Rad, Richmond, CA). Immunolabeling was visualized using The PCR products obtained were cloned using PCRII.1 vector Amersham ECL secondary antibody at 1:8000 dilution. Unifor-(Invitrogen). Cloned plasmids were purified (QIAGEN, Chatsmity of loading was assessed on blots by Ponceau S staining. worth, CA) and sequenced to confirm their identity.
Band densities were quantified by ImageJ (http:/ /rsb.info.nih. Immunocytochemistry: Localization of TRP, TRPL, and gov/ij/docs/menus/analyze.html) using the gel analysis TRP␥ in intact tubules using rabbit polyclonal antibodies was macro of the ImageJ package after background correction. performed with the Zenon direct labeling kit, using an Statistics: Data are presented as mean Ϯ SEM. Where approamended protocol based on one previously described for tupriate, the significance of differences between data points was bules (MacPherson et al. 2001) . Briefly, intact tubules were analyzed using Student's t-test for unpaired samples with P Ͻ placed on poly-l-lysine-treated slides in phosphate buffered 0.05 as the critical level. Controls were performed using a tubule preparation tion rates measured as detailed (Dow et al. 1994a) under with no primary antibody ( Figure 2F) . Figure 2B shows that the trp null does not Figure 2D shows lack of anti-TRPL staining in trpl ] i secreting (O'Donnell and Maddrell 1995); given the identical localization of all three channels in this region, in both principal and stellate cells in all regions of the tubule. However, specificity of the response is provided it is likely that the TRP family channels are directly involved with calcium-signaling mechanisms that reguby a neuropeptide ligand: capa peptides, including CAP 2 , have been shown to raise [Ca 2ϩ ] i levels only in late fluid transport.
CAP 2b -stimulated fluid transport is sensitive to mutaprincipal cells of the main, fluid-secreting segment of the tubule (Rosay et al. 1997; Kean et al. 2002) . In all tions in trpl: Given the localization of TRP and TRPrelated channels in the fluid-transporting region of the mutants tested, basal [Ca 2ϩ ] i levels were similar to control tubules ( Figure 4A) . tubule, the impact of mutations in genes encoding these channels on fluid transport was assessed using available
In wild-type tubules, the CAP 2b response, representing calcium influx (Rosay et al. 1997) , is biphasic and commutants. Figure 3 shows that CAP 2b -stimulated fluid transport rates are significantly reduced in tubules from posed of a primary, rapid peak followed by a slow secondary rise as shown in Figure 4A . ; trp CM ture is also observed using other neuropeptides of the capa family (Kean et al. 2002) . We demonstrate that a (Reuss et al. 1997 ; data not shown). Significantly, while trp 301 is a severe hypomorph in photoreceptors, maximum mutation in trpl results in a distinct [Ca 2ϩ ] i signature, which correlates with the corresponding transport pherates of stimulated fluid transport are not statistically different from Oregon-R ( Figure 3A ] i rise induced by CAP 2b is significantly altered by a mutation in trpl: As fluid transport anisms induced by CAP 2b in the principal cell, thus resulting in the transport phenotype observed (Figure 3 ). in the tubule is stimulated by increases of intracellular calcium, resting and hormone-stimulated cytosolic calEpithelial phenotypes of trp and trpl alleles are dependent on TRPL: Western analysis of tubule preparations cium levels were measured in intact tubules from trp from trp and trpl alleles was performed to determine TRP, was detectable in tubule preparations (see also Figure  6B ), in contrast to the previously reported complete TRPL, and TRP␥ levels and to see, for example, if there were any effects of trp alleles on TRPL or TRP␥ expresnull in trpl 302 heads (Niemeyer et al. 1996) . Analysis of photoreceptor responses of aeq; trpl 302 ; hsGAL4 flies sion ( Figure 5) .
TRP: Results in Figure 5A show that TRP levels are generated from trpl 302 shows that these behave as previously documented for the trpl 302 null (data not shown , in correlation with both reduced fluid transport ( Figure  3B ) and calcium signaling ( Figure 4B ). Fluid transport which TRP levels are reduced, a near-normal tubule phenotype is observed (Figures 3 and 4) TRPL: Tubule TRPL levels are significantly reduced figure legend for pooled data, Figure 5B ). Therefore, on the basis of the TRPL levels observed in trpl
302
, it is in the trp hypomorph, trp 301 ( Figure 5B ). Interestingly, in this allele, the kinetics of the fluid transport response likely that the secretion phenotype of the trpl , exhibits tubule TRPL levels that are near wild-type levels (at ‫.)%57ف‬ mised in any of the trp or trpl alleles tested ( Figure 5C ). However, the lack of a TRP␥ mutant made it impossible In the trpl 302 , TRPL levels are very low; a faint band ) is denoted by an asterisk. *P Ͻ 0.05 determined with Student's t-test (unpaired samples).
to investigate a direct role of this channel in epithelial A trpl transgene rescues the fluid transport phenotype in trpl
: The data shown in the previous figures suggest function.
Taken together, the data here suggest that in the that tubules require TRPL for function. Figure 6 shows that rescue of trpl 302 with a heat-shock trpl transgene tubule TRPL channels may constitute major regulators of CAP 2b -induced calcium signaling and transport.
construct rescues the secretion phenotype associated ] i over 4 min poststimulation with CAP 2b . CAP 2b -stimulated primary peaks, which are significantly different from aeq; hsGAL4 tubules, are denoted by an asterisk, and statistically significant differences in secondary peaks compared to wild-type are denoted by two asterisks, where P Ͻ 0.05 determined with the Student's t-test (unpaired samples).
with trpl 302 ( Figure 6A ). CAP 2b -stimulated fluid transport trpl transgene in trpl 302 tubules is associated with restoration of TRPL levels to those of wild-type tubules (Figure in heat-shocked cntrplP{hstrpl};TM2/TM6 tubules is indistinguishable from that observed in Oregon-R tubules. 6B), and consequently, restoration of stimulated fluid transport levels. We also demonstrate that introduction of the trp null, trp 343 , into the trpl rescue line, cntrplP{hstrpl};trp 343 , is not inaD is not expressed in tubules: INAD is an essential scaffolding component of the TRP-signaling complex detrimental to the secretion phenotype compared to either Oregon-R or rescued trpl 302 tubules ( Figure 6A ). in photoreceptors (Li and Montell 2000) . Given that TRP-TRPL complexes may be operational in the tubule, This confirms observations shown in Figure 3 , where secretion in trp 343 null tubules is not significantly differwe investigated expression of established components of the TRP-signaling complex in the ent from that of Oregon-R tubules. Importantly, the data shown in Figure 6A also suggest that, in the absence tubule. RT-PCR using primers directed against published sequences for other TRP-complex-associated sigof TRP, functional TRPL modulates tubule function. Finally, although TRP levels are similar between Orenaling proteins, inaC (Schaeffer et al. 1989) and norpA (Bloomquist et al. 1988 ), were performed. Sequencing gon-R and trpl 302 tubules (Figure 5) , expression of the of PCR products verifies that both these genes are exproduct was ever observed using the tubule template, although the correct product was always obtained in the pressed in tubules (data not shown). Furthermore, norpA has recently been shown to play a role in epithelial head. These results are supported by expression data obtransport (Pollock et al. 2003) , confirming a role outside phototransduction. Tubules also express protein tained by microarray analysis of the adult tubule (Wang et al. 2004) , where inaD is shown to be depleted in the kinase C and phospholipase C genes not associated with photoreceptors, namely, pkc53e (Rosenthal et al. 1987) tubule compared to the rest of the fly (inaD in tubules, 9.1 Ϯ 3; inaD in the rest of the fly, 63.0 Ϯ 5.5; data and plc21 (Shortridge et al. 1991 ; data not shown). Therefore, while tubules are expected to express those expressed as Affymetrix signal ϮSEM; N ϭ 5 separate biological replicates). genes not associated with excitable cells, some genes previously associated only with phototransduction or
The lack of inaD expression therefore suggests that although many of the components of the TRP-signaling CNS function are also expressed in these transporting epithelia.
complex may have widespread expression, INAD is tissue specific. Surprisingly, then, data from RT-PCR experiments for inaD using a head/tubule cDNA template ( Figure  7 ) demonstrate that this gene is not expressed in the DISCUSSION tubule, although strong expression is observed in the head, as expected. Furthermore, PCR was carried out Until recently, organotypic roles for TRP, TRPL, and TRP␥ channels have been demonstrated only in photounder varying conditions: (1) utilizing two sets of primers made to different regions of the gene and (2) perreceptor function in Drosophila, with an additional role for TRP in olfactory adaptation (Stortkuhl et al. 1999) . forming PCR under different cycle conditions at annealing temperatures over a large range (40Њ-55Њ) and over However, given the wide tissue expression of vertebrate TRP channels (Harteneck et al. 2000) , it seemed possia different total number of cycles (40 maximum). The tubule template quality was also verified using primers ble that these channels also contribute to diverse physiological processes. to a different gene. Under these conditions, no cDNA . Tubules were stimulated with CAP 2b at 30 min (arrow).
cDNA. L, 1-kb DNA ladder (Invitrogen). A PCR product of Data are expressed as mean secretion rate (nanoliters/miexpected size is observed only using head template cDNA; no nute) ϮSEM (N ϭ 8-10). Existence of chromosome 3 balancproduct is obtained with tubule cDNA under a range of PCR ers TM2 and TM6 is not detrimental to the secretion phenoconditions as described in the text (see results). type (Pollock et al. 2003; data expression across all the alleles tested. Interestingly, while the trpl 302 mutation, a result of an amber stop codon, is documented to be a complete null at least in the head (Niemeyer et al. 1996) , very low residual TRPL Expression of trp, trpl, and trp␥ in tubules and localizalevels are detectable in trpl 302 homozygote tubules (Figtion of these gene products to principal cells containing ures 5B and 6B). Stop codon readthrough occurs at the electrogenic vacuolar H ϩ -ATPase (Dow 1999) suggest a role for these calcium channels in fluid transport rates of 10 Ϫ4 in Drosophila (Sato et al. 2003) and can occur at much higher rates for specific genes, including (Figures 1 and 2) . Interestingly, while expression of TRPL is confined to principal cells in the main, fluidhdc in tracheal epithelial cells (Steneberg et al. 1998; Steneberg and Samakovlis 2001) and Kelch in eggsecreting segment, TRP and TRP␥ are expressed in principal cells in the transitional segment. The initial and chamber ring canals (Robinson and Cooley 1997) . It may be that a single stop codon without a favorable 3Ј transitional segments of anterior tubules have been shown to be the major calcium-transporting region context in the trpl gene is sufficient to confer a functional, but not a protein, null phenotype in tubules; (Dube et al. 2000b) , with the initial segment storing up to 30% of total body calcium (Dube et al. 2000a) . As indeed, UAGG, the tetranucleotide in the trpl 302 mutation, is known to be a particularly poor stop signal in such, TRP and TRP␥ may have roles in transepithelial calcium transport.
eukaryotes (Brown et al. 1990 ). In the light of these findings, trpl 302 can be considered a hypomorph at least Using available trp and trpl mutants, we have investigated direct roles for TRP and TRPL channels in neuroin the context of the tubule. The importance of TRPL in tubule function is conpeptide-induced calcium signaling and fluid transport.
firmed by rescue of the trpl 302 with a trpl transgene, which not a component of the INAD complex (Paulsen et al. 2000) . If TRPL, as opposed to TRP, is indeed the major restores stimulated fluid transport levels to those of wild type. (Pollock et al. 2003) , pharmacological blockade of L-type/cyclic nucleotide gated taining proteins, the majority of which are encoded by novel genes (SMART database, EMBL). Known PDZ-conchannels (MacPherson et al. 2001; Broderick et al. 2003) , and reduction of external calcium (Rosay et al. taining proteins in vertebrate renal epithelia include the sodium/hydrogen exchanger regulatory factor, NHERF. 1997) is sufficient to reduce or abolish calcium signaling, with associated loss in fluid transport. Therefore, Intriguingly, NHERF has been shown to assemble TRP4 and phospholipase C (Tang et al. 2000) . We have veriit is likely that rescue of trpl 302 results in restoration of the wild-type calcium signal and fluid transport.
fied expression of the Drosophila NHERF gene sip1 (Spradling et al. 1999 ) in tubules; however, reporter We suggest that possible TRP-TRPL heteromultimers (Xu et al. 1997) . Given the estimated 10-fold in-C (Wodarz et al. 2000) . Both Baz and aPKC are expressed in adult tubules (data not shown); as PKC funccrease in TRP compared to TRPL channels in photoreceptors, with TRP forming the major conductance comtion is important in signaling associated with TRP function, Baz may encode a potential candidate for TRP ponent via probable TRP-TRP homomultimers, it follows that increased severity of the trp phenotype compared to complex scaffolding proteins in tubules.
We have demonstrated a novel role for trp, trpl, and that of trpl will be observed (Leung et al. 2000; Montell 2001) . This may explain the very different trp mutant trp␥ in transporting epithelia and provided the first demonstration of an organotypic role for members of the phenotypes observed between photoreceptors and tubules. TRPL has also been proposed to stabilize TRP in Drosophila TRP family outside the eye. The availability of the complete Drosophila genome, together with the a heteromultimeric complex (Leung et al. 2000) . This could explain why the absence of TRPL, in spite of wildmolecular genetic tools in tubule work, allow a comprehensive dissection of the role of calcium channels in type levels of TRP (in trpl 302 ), results in a severe epithelial phenotype. In summary, data presented here suggest transporting epithelia. As such, this may allow inferences to be drawn regarding calcium homeostasis and that in tubules TRPL plays a singular role in modulating calcium signaling and fluid transport.
calcium signaling in vertebrate renal function. It is also possible that a third channel, encoded by
We are very grateful to W. L. Pak, Purdue University, for the kind trp␥, contributes to the tubule phenotype. As TRP␥ has gift of trp 343 , and C. S. Zuker and R. Hardy, University of California at San Diego, for trpl rescue lines and for helpful advice. In the early been shown to interact with TRPL (Xu et al. 2000) , and stages of this work, we received aliquots of anti-TRPL and anti-TRP TRP␥ is expressed at wild-type levels in all trp and trpl antibodies as kind gifts from C. Montell, Johns Hopkins Medical alleles tested ( Figure 5C ), it is possible that TRPL-TRP␥ School, and C. S. Zuker. We are very grateful for these reagents.
heteromultimers constitute a major channel in tubules. The TRP-signaling complex is localized and assembled by the scaffolding protein, INAD, in photoreceptors (Li and Montell 2000) . If TRP is also organized LITERATURE CITED into signaling complexes in tubules, the scaffolding proAcharya, J. K., K. Jalink, R. W. Hardy, V. Hartenstein and C. S.
teins involved in complex assembly must differ from 
